The use of partial differential equations in image processing has become an active area of research in the last few years. In particular, active contours are being used for image segmentation, either explicitly as snakes, or implicitly through the level set approach. In this paper, we consider the use of the implicit active contour approach for segmenting scientific images of pollen grains obtained using a scanning electron microscope. Our goal is to better understand the pros and cons of these techniques and to compare them with the traditional approaches such as the Canny and SUSAN edge detectors. The preliminary results of our study show that the level set method is computationally expensive and requires the setting of several different parameters. However, it results in closed contours, which may be useful in separating objects from the background in an image.
INTRODUCTION
Techniques based on partial differential equations are increasingly being used in image processing for tasks such as noise reduction, segmentation, registration, and object tracking.
1, 2
In this paper, we focus on the use of implicit active contours for image segmentation. Implicit active contours, also known as level set techniques, have been the subject of active research in the last few years. The use of these techniques is being explored in a variety of applications including medical image segmentation in two-and three-dimensions, motion analysis, and image registration.
3-6
The idea behind active contours, or deformable models, for image segmentation is quite simple. The user specifies an initial guess for the contour, which is then moved by image driven forces to the boundaries of the desired objects. In such models, two types of forces are considered -the internal forces, defined within the curve, are designed to keep the model smooth during the deformation process, while the external forces, which are computed from the underlying image data, are defined to move the model toward an object boundary or other desired features within the image.
There are two forms of deformable models. In the parametric form, also referred to as snakes, an explicit parametric representation of the curve is used. This form is not only compact, but is robust to both image noise and boundary gaps as it constrains the extracted boundaries to be smooth. However, it can severely restrict the degree of topological adaptability of the model, especially if the deformation involves splitting or merging of parts. In contrast, the implicit deformable models, also called implicit active contours or level sets, are designed to handle topological changes naturally. However, unlike the parametric form, they are not robust to boundary gaps and suffer from several other deficiencies as well. 7 In this paper, we present some preliminary results obtained using the implicit active contour for the segmentation of scientific images, in particular, scanning electron microscope (SEM) images of pollen. Our main goal here is to compare one of the recently proposed PDE-based techniques for image segmentation 8 with some of the more traditional approaches such as the Canny 9 and the SUSAN 10 edge detectors, in order to better understand the pros and cons of each approach. This paper is organized as follows: in Section 2, we provide an overview of the implicit active contour method and discuss the details of our implementation. Next, in Section 3, we describe the two traditional segmentation techniques, i.e., Canny and SUSAN, which we use for comparison. Section 4 describes the test images and the results from the different segmentation techniques. Finally, in Section 5, we conclude with a summary and our plans for future work.
OVERVIEW OF IMPLICIT ACTIVE CONTOURS
The implicit active contour, or level set, approach was introduced by Osher and Sethian 11 and has since been enhanced by several authors. [3] [4] [5] [6] An easy-to-understand high-level description of the level set method is given in. 12 The basic idea is to start with a closed curve in two dimensions (or a surface in three dimensions) and allow the curve to move perpendicular to itself at a prescribed speed. One way of describing this curve is by using an explicit parametric form, which is the approach used in snakes. As mentioned earlier, this causes difficulties when the curves have to undergo splitting or merging, during their evolution to the desired shape. To address this difficulty, the implicit active contour approach, instead of explicitly following the moving interface itself, takes the original interface and embeds it in higher dimensional scalar function, defined over the entire image. The interface is now represented implicitly as the zero-th level set (or contour) of this scalar function. Over the rest of the image space, this level set function φ is defined as the signed distance function from the zero-th level set. Specifically, given a closed curve C 0 , the function is zero if the pixel lies on the curve itself, otherwise, it is the signed minimum distance from the pixel to the curve. By convention, the distance is regarded as negative for pixels inside C 0 and positive for pixels outside C 0 . The function φ, which varies with space and time (that is, φ = φ(x, y, t) in two dimensions) is then evolved using a partial differential equation (PDE), containing terms that are either hyperbolic or parabolic in nature.
In order to illustrate the origins of this PDE, we next consider the evolution of the function φ as it evolves in a direction normal to itself with a known speed F . Here, the normal is oriented with respect to an outside and an inside. Since the evolving front is a zero level set (i.e., a contour with value 0) of this function, we require (using a one-dimensional example)
φ(x(t), t) = 0 for any point x(t) on the zero level set at time t. Using the chain rule, we have
Since F is the speed in the direct n normal to the curve, we have
Thus, the evolution of φ can be written as
where φ(x, t = 0), that is, the curve at time t = 0, is given. This formulation enables us to handle topological changes as the zero level set need not be a single curve, but can easily split and/or merge as t advances.
Equation (1) can be solved using appropriate finite difference approximations for the spatial and temporal derivatives 13 and considering the image pixels to be a discrete grid in the x − y domain with uniform mesh spacing. In order to evolve the level set, we need the specification of an initial closed curve(s), the initialization of the signed distance function φ over the rest of the image, the finite difference discretization of Eqn. (1) , and the prescription of the propagation speed F . We next discuss each of these issues in detail.
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Choice of the speed function F
The speed F depends on many factors including the local properties of the curve, such as the curvature, and the global properties, such as the shape and the position of the front. It can be used to control the front in several different ways. The original level set method proposed using F as the sum of two terms
where F 0 is a constant propagation term and F 1 is a scalar function of the curvature κ κ = div ∇φ ∇φ
The propagation term F 0 , sometimes referred to as the "balloon force", is independent of the geometry of the moving front and the front uniformly expands or contracts with speed F 0 , depending on its sign. 14 Note that the F 0 term is hyperbolic, while the F 1 term is parabolic. The key idea is to play one term against the otherthe hyperbolic term leads to the formation of shocks from which a representation of the shape can be deduced, while the curvature term smooths the front, which enables us to distinguish the more significant shape features from the less significant ones.
14, 15
Since we are using level sets for image segmentation, we want the zero-th level set to stop evolving at an edge in the image. This can be accomplished by multiplying the speed term by an image-dependent stopping factor g(x, y) given by the following equation:
where I σ is the image I convolved with a Gaussian defined as follows:
Equation (2) is the the one used by Perona and Malik in their work on smoothing images using the diffusion equation.
16
In the original work, this term was used to stop the diffusion process near an edge of an image. When used in the context of level set segmentation, it has the effect of reducing the propagation speed near an edge in the image where the gradient is high. By suitably changing the value of λ, we can control the strength of the edges that cause the speed to become zero near an edge. With this definition of the speed F , the level set equation can be written as
Further modifications to the speed term have been proposed by several authors. For example Yezzi et al. 17, 18 observe that the stopping factor given by Equation (2) will not force the front to stop at an edge unless it is exactly zero, a situation that rarely occurs in realistic images. They propose adding an additional term of the form (∇g · ∇φ) to the right-hand side of Equation (4) resulting in the following equation for the evolution of the level set:
Since the edge can be defined as a step function, and ∇g involves two derivatives of the image, the term ∇g acts as a "doublet" near an edge. It has the effect of attracting the evolving contour as it approaches an edge and then pushing the contour back out if it should pass the edge. This additional term is called the pullback term or the edge strength stopping force multiplier. Note that with the addition of the doublet term, (∇g · ∇φ), the level set equation (5) becomes equivalent to the geodesic snake model that was proposed simultaneously by Caselles et al. 19 and Kichenassamy et al.
The placement of the initial contour
A key challenge in both implicit active contours and snakes is the placement of the initial contour. Since the contour moves either inward or outward, its initial placement will determine the segmentation that is obtained. For example, if there is a single object in an image, an initial contour placed outside the object and propagated inward will segment the outer boundary of the object. However, if the object has a hole in the middle, it will not be possible to obtain the boundary of this hole unless the initial contour is placed inside the hole and propagated outward. It should be noted that more than one closed curve can be used for initialization of the zero-th level set.
In this paper, we investigate two different placements of the initial contour. To obtain the exterior boundaries of image objects, we consider a contour that is just inside the outermost boundary of the image. This curve is then propagated inward towards the desired object boundaries. To obtain the inner boundaries of objects, we start with an initial contour that is centered around an appropriately placed interior pixel of the image. In this instance, the sign of the so-called "balloon force" is changed to generate the necessary outward propagation of the initial contour(s). While these two types of initial curve placements are sufficient to help us investigate the level set approach and compare it with the traditional image segmentation algorithms, they are not sufficient for the segmentation of a general image. Alternatives that have been proposed include an initial segmentation based on seeds identified in the image followed by region merging to merge small regions. 
Calculation of the distance function
Once the initial contour has been determined, we need to calculate the signed distance function φ, that is, the minimum distance from each pixel in the image to the prescribed initial contour. This is done by solving the Eikonal equation.
3, 7 This is derived from the level set formulation as follows. Suppose the speed function F is greater than zero. As the front moves outward, one way to characterize the position of the front is to compute the arrival time T (x, y) as it crosses each point (x, y). This arrival function is related to the speed by
where T = 0 is the initial contour. When the speed F depends only on the position, Equation (6) is referred to as the Eikonal equation. The solution of this equation for a constant speed of unity gives the distance function. The sign is attached to the function depending on the location of each pixel relative to the original contour. In our work, we used the fast sweeping method to solve the Eikonal equation as described by Zhao.
21
As the front evolves, the signed distance function can often lose the "distance property".
22
As a result, when the curve stops evolving near an edge, the zero level set is not exactly at the edge. One solution to this problem is to periodically re-initialize the distance function φ. We use the same Eikonal equation solver for this purpose. However, it should be noted that this can add significantly to the overall computational cost of the level set approach.
The discretization of the level set equation
In order to evolve the level set equation, Equation (5), must be solved on the discrete grid represented by the image. Here, we borrow extensively from the work that has already been done in the area of the solution of partial differential equations through techniques such as finite difference methods.
13
The finite difference approach essentially considers the discretized version of the image I(x, y) to correspond to the intensity at the pixels (i, j), at locations (x i , y j ), where i = 1, . . . , N, and j = 1, . . . , M. The distance between the centers of the pixels, referred to as the grid spacing, is h. The same inter-pixel distance h is used along the x and y dimensions.
Following the approach of Sethian 3 (page 73), the level set equation (5) can be written as
The first term on the right hand side is the curvature term and is the parabolic contribution to the equation. This is discretized using a second-order accurate central difference scheme described by Weickert. 8 The second term is the hyperbolic propagation term and is discretized using the first-order accurate upwind differencing scheme given in Sethian.
3
The third term is a pure advection term and is also discretized using a similar first-order accurate upwind differencing scheme.
When the Equation (5) is evolved using an explicit time integration scheme, such as the forward Euler scheme, the time step size needs to be bounded in order to maintain the numerical stability. In general, the stability restrictions imposed by the parabolic terms tend to be significantly more restrictive than those imposed by the hyperbolic terms. To alleviate this overly restritive stability criteria, the time integration of the parabolic term is carried out using an implicit scheme with additive operator splitting (AOS). 
TRADITIONAL METHODS FOR IMAGE SEGMENTATION
In this paper, we compare the performance of the implicit active contour method for segmentation with two of the more traditional techniques, namely the Canny edge detector 9 and the SUSAN edge detector.
10
The Canny edge detector was chosen in light of its popularity and ease of implementation. It can be considered as a representative gradient-based technique. The SUSAN edge detector was chosen as it is very different from the well known methods in that it uses no image derivatives and noise reduction is needed.
The Canny edge detector detects edges at the zero crossings of the second directional derivative of the smoothed image in the direction of the gradient, where the gradient magnitude is above some threshold. The implementation of the Canny edge detector used in this paper first smooths the image using a Gaussian with standard deviation σ. Next, a Sobel edge detector 23 is applied to the smoothed image and the magnitude and direction of the gradient are calculated at each pixel. This is followed by non-maximal suppression, where only the pixel with the largest magnitude along the direction of the gradient is retained for further processing. This results in a thinning of the edges found by the Sobel operator. Finally, a hysteresis thresholding is applied with two thresholds -t lo and t hi . All edge pixels with gradient magnitude less than t lo are discarded while those with gradient magnitude larger than t hi are retained. Edge pixels with gradient magnitude in between the two thresholds are retained only if they have a neighboring pixel with gradient magnitude greater than t hi . As this process is applied recursively, such pixels are retained if they are connected to a pixel with gradient magnitude greater than t hi , either directly, or indirectly through other pixels with a gradient magnitude between the two thresholds. Thus, our implementation of the Canny edge detector requires three parameters: σ, t hi , and t lo .
The SUSAN edge detector is based on the Smallest Univalue Segment Assimilating Nucleus principle. A circular mask of a given size, whose center pixel is referred to as the "nucleus", is placed over each pixel in the image. If the brightness of the pixels that lie under the mask is within a threshold, t, of the brightness of the nucleus, then an area of the mask can be defined which has a brightness similar to the nucleus. This area is referred to as the USAN (Univalue Segment Assimilating Nucleus) and contains information about the structure of the image. The USAN area is at a maximum when the nucleus lies in a region of uniform brightness, it falls to half the maximum near an edge, and falls even further when at a corner. The threshold t is the minimum contrast of the image features that will be detected and also the maximum amount of noise that will be ignored. the area of the USAN is compared with 0.75 * (the maximum area), and an initial edge response is calculated that is proportional to this difference. The 0.75 scale factor in the comparison is selected to give optimal noise rejection. This original implementation of the SUSAN principle has since been modified to yield a more stable implementation. More details are available in the article by Smith and Brady 10 and the source code is available on-line at www.fmrib.ox.ac.uk/˜steve. 
COMPARISON OF TECHNIQUES
In this section, we describe the results of our experiments with segmentation using the implicit active contour approach and compare it with the more traditional techniques such as the Canny and SUSAN edge detectors.
In particular, we are interested in understanding how the implicit active contour performs relative to the more established segmentation techniques and what benefits are obtained for the additional computations that are required by the level set approach. In this paper, we will compare the results of segmentation visually on the experimental images.
Experimental images
For our work, we have chosen scanning electron microscope images of pollen. Pollen grains typically have a complex structure with sharp spines or an intricate web like pattern. If we are interested in automatically finding out how many pollen grains of each type are present in an image, we first need to segment the image to find the individual pollen grains, and then perform pattern recognition to classify them into different categories. The latter can be done perhaps by using the internal texture of the grains or by extracting features from the boundary such as the size and curvature of the spines.
In order to evaluate the different segmentation methods, we have chosen four test images (see Figure 1) . The images in panels (a) and (b) are of a single pollen grain. These were obtained from the pollen.usda.gov site. The images in panels (c) and (d) were obtained from the www.cci.ca.gov/Reference website. Panel (c) is the image of a single pollen grain, while panel (d) has several pollen grains. These images were selected to investigate the issues in segmenting images with high curvature (as in the sharp spines), or images with poor contrast (panel (b)), or images with poor quality (panel (c)), as well as images with more than one pollen grain (panel (d)).
All images in the study were used without any modification. However, contrast enhancement or sharpening of the images may be necessary in some cases to improve the quality of segmentation.
Experimental Results and Observations
We first present the results of our experiments with the implicit active contour approach. Figure (2) shows the results of the segmentation of the test images. In each case, the balloon force was set to ±7.5, with the sign determining whether the contour moved inward from the edge of the image to segment the outer boundary or outward from a point in the center of the image to segment the inner structure. No reinitialization was used. Unless stated otherwise, the level set is evolved for 2000 iterations. If the parameters for the level set approach are selected correctly, we expect the level set to stop evolving once it has reached the boundary.
The zero-th level set contour in Figure ( Since the contrast is poor, we use the doublet term to prevent the level set from breaking through the fine structure. However, given the values used for the different parameters, the level set does break through the poor contrast regions, and approaches the outer boundary as it is evolved further. In panels (e) and (f), we show the evolution of the zero-th level set as it moves inward from the outer boundary of the image to segment multiple objects.
In the experiments reported in this study, we set the parameters in Eqn (2) to σ = 0.5 and λ = 1.0.
In the next experiment, we focused on the image in Figure (1) , panel (a) in order to better understand the effects of reinitialization and the addition of the doublet term (Eqn. (5)). Figure (3) shows a small corner of the pollen grain to illustrate the evolution of the active contour. The results are shown at iteration 500, 1000, and 1500, respectively. For the images in the first column which are generated without reinitialization, we observe that the curve stops at the boundary. With reinitialization every 10 time steps (images in column 2), the curve breaks through the edge and continues to evolve. The addition of the doublet term, as shown by the images in column 3, prevents the breakthrough. These images were generated using a balloon force of -7.5 (the negative sign indicates that the curve should evolve inwards). The original contour is placed just inside the outer boundary of the image. As in the earlier experiment, the values of the parameters in Eqn (2) are set to σ = 0.5 and λ = 1.0.
We next present the results obtained with the Canny edge detector in Figure (4) . The values of the parameters used were σ = 1.0, t lo = 64, and t hi = 128. The edges are overlaid on the images in black. For the image with the poor contrast ( Figure (1), panel (b) ), we found that a smaller value of σ = 0.1 resulted in less smoothing of the image and thus better detection of the edges. Similarly, a lower value of t lo = 32 resulted in more edges being detected. 
Observations
While this is a preliminary study, there are several observations we can make about the pros and cons of the methods considered. Both the SUSAN and Canny edge detectors are computationally very efficient and required the setting of just a few parameters. In contrast, the implicit active contours are computationally very expensive. It also requires the setting of several parameters such as the strength of the balloon force, the parameters σ and λ in Eqn (2), the number of time steps before reinitialization, the placement of the initial contour, and whether to use the doublet term or not. As with the Canny and SUSAN edge detectors, some of these parameters have to be tuned to the image and the type of structure we want to segment. However, the active contour approach does have a very appealing quality that it generates closed contours, thus eliminating the tedious post-processing that is needed to convert the edges from the SUSAN or the Canny edge detectors into closed boundaries of an object.
SUMMARY AND FUTURE WORK
This paper outlines a preliminary study of the use of the implicit active contour approach for image segmentation and compares it with the traditional approaches such as the Canny and the SUSAN edge detectors. We observed that while the active contour approach is computationally expensive and requires the setting of several parameters, it generates closed contours, which can be very useful in separating the outer boundaries of an object from the background. Our future work includes a more detailed study of the different parameters to understand the sensitivity of the algorithm to the values of these parameters, a comparison of the quality of the edges obtained by different methods, as well as the use of other scientific images. We are also interested in exploring combinations of these active contour techniques with the traditional edge detectors to see if we can combine the positive aspects of the different approaches. (c) (d) Figure 5 . Output of the SUSAN edge detector: All images are generated by first smoothing the image with a threshold of 20, followed by edge detection with a brightness threshold of 20.
